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ABSTRACT

Previons measurements of thermoacoustic heat transport across stacks of
short plates, called thermoacousiic couples or TACs, revealed serious
discrepancies between theory and experiment. The discrepancies are worst at
higher drive ratios (the ratio of the peak acoustic pressure amplitude at a
pressure antinode to the mean pressute of the gas), where prominent
irregularities in the data series appear. In the previous work, the
measurements were made with thermopiles havixag junctions that were
located along the leading and trailing edges of the TAC plates. Because of its

proximity to the edge, the thermopile may have been sensitive to effects

- which, though perhaps causing local deviations in the temperature profile, -

.do not affect the temperature profile in interior regions of the plate; To
investigate whether edge effects are the cause of any .of these discrééancies, we
have constructed a TAC with two thermopile, whose junctions do not lie
along the edge, and repeated some of the previous measurements.
. Measureménts were also made with a stack of long p ate; to probe how far the
_irregularities extend in to the interior of the plate. It was found that the
irregularities are not isolated to the edge of the TAC, The temperature profile
of interior portions of the plates mimic that measured along the edge.
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I. INTRODUCTION AND BACKGROUND

A thermoacoustic heat pump converts“a‘cousti'c energy into stored
thermal energy, m the form, for examplé, of a temperature difference across a
plate situated in an acoustic standing wave. The operation of a heat pump can
be explained in rather simple ternis. Figure 1 is a simplified illustration of the
basic thermoacoustic effect. It shows a short, thin, poorly' thermally
conducting plate situated near the rigid erd of a resonator. initially the plate’
is at a uniform temperature T. We isolate our attention to the gas wmun a
thermal penetration depth of the plate as an acoustxc standing wave is
established in the tube. Viscous effects are ignored. During the compressmn .
phase of the acoustic cycle, the gas parcel is compressed and dispiaced toward
the pressure antinode. As a result of the compression the temperature
increases from T to T*f. Because the gas is now hotter than the portion of thel‘
pl'ate below it, an amount of heat dQ flows from the gas parcel to the plate.
The temperaturé of the gas parcel drops from T*+ to T*. During the
expansion phase of the acoustic cycle, the gas parcel undergoé an gxpansion
and returns to its initial position. As a result of the expansion, the parcel's
ierﬁperature decreases from T+ to T-. Now the parcel is cooler than the
portion of plate 1mmedxately below it. A second irreversible heat flow oceurs, -
this time from the plate to the parcel. This heat flow returns the parcel to its
initial temperature. The net result of this cycle is the ttansport of heat toward
tha pressure antinode, resulting in a temperature difference across the TAC.

Wheatly, et al [Ref. 1]. derived an expression for thé steady state

temperature difference developed across a TAC in an acoustic standing wave.
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' Figure 1- A simplified illustration of the thermoacoustic effect.
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_ The thermal penetration depth is defined as




3,=+ 2K, /P pCp@ .

2
The viscous penetration depth is defir}ed as
5, = W : (3)
The Prandtl number is defined as
c=cpu/k. . @

A useful equation relating the Prandt! number and the penetration depth is

5./ \
]

&)
The term kpdp ix.\\Eq. (1) will be a function of the geometric and thermal

properties of the plate used in the TAC construction. For the G- 10 fiberglass

- and stainless steel laminated plates used in a pofﬁon of the measurements
kpdp, = ( 2kfedfg + kesdse) - ©
" For stainless st el plates

kpdp = kesdss. B




The first measurement of the thermoacoustic effect was performed by
Wheatly, et. al. [Ref. 1]. In particular, they measured the température
difference developed across a short stack of plates, called a ThermoAccustic
' Couple (or TAC) as a function of its positioxi. in an acoustic standing wave. At
low drive ratios (the ratio of t“e peak acoustic pressure to the mean gas
pressure),' they found that the ?lemperature difference across the TAC is a
nearly sinusoidal function of its position in the standing wave. Zeros in the
temperature difference occur at both pressure and velocity nodes. Also, the
hot ehd of the TAC is always closer to ".the nearest pressure antinode.
IAltho't'xgh they developed a theoretical expression for the temperature
difference, Wheatly, et. al. attempted little quantitative comparison of their
results with theory. In 1987, a quantiwative investigation of thermoacoustic
" heat transport was undertaken in the physics department at the Naval
Postgraduate School [Ref. 2]. They measured the temperature difference
developed across various TACs as a function of their position in_l the acoustic
field, the drive ratio (extended to high drive. ratio), the plate 'configﬁration,
the thermal .properties of the platé, and the thermophysical properties of the
| Specific examples of previous NPS research are presented in Figs. 2 and 3.

They are éraphs of the predicted (Fig. 2) and measured (Fig. 3) temperature
difference developed across a TAC fbr various drive ratios as a function of ix.
“Of particular interest are the irfégula_'rities in the measured data series
apparent at higher drive ratios. The iminim_um value of the drive ratic .

required for these irregularities to appear is approximately 1%. The dashed |




curve in Fig. 3 represents the highest drive ratio for which irregularities are
not present. It corresponds to a drive ratio of 1.03%.

In order to quantify the comparison of the data shown in Figs. 2 and 3,
three ratios were examined. The first ratio is that of the experimental slope of
the AT curve in the vicinity of the velocity antinode to the theoretical slope
in the vicinity of the velocity antinode. The second ratio is the ratio of the
Iexp‘erimental to theoretical slope of the AT curve in the vicinity of the
pressure antinode. The final ratio is that of the maximum experimental.
temperature difference to thelmaximum theoretical temperature difference.
As seen in Figs. 2 and 3, AT reaches a maximum on both sides of the pressure
antinode, so two values of the maximum AT ratio can be computed. The
ratios just described are plotted as functions of the drive ratio (in %), in Fig. 4 -
for the data presented in Figs. 2 and 3. The mean gas ptessﬁre is
approximately 114 kPa. - .

All ratios have approximately the same value for drive ratios less than
approximately 0.5%. The ratios then start to decrease in a more-or-less linear
fashion fo; drive ratios up to approximatély 1.1%. At 'this point the
quasilinear decrease stops. The reader should recall that the data for the drive
ratio of 1.03% correspond to the aashed curve in Fig. 3 which demarcates the
regibns of regular and irregular behavior of the AT data series. As the drive
- ratio increases 'beyox.ld approximately 1.1%, the pressure antinocde slope ;atié
increases slightly and then levels off ﬁt a drive ratio of 'approximately 1.5%. In
the drive ratio region above I.O%, thel _maximum AT ratios more-or-less level
off, whereas the velocity antinode slope ratio tends to decrease,_ though ata

slower rate than in the 0.5 to 1.1% drive ratio region.
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F!guré 2- Graph showing the theoretical temperature difference as a function
of kx for drive ratio from 0.17% to 1.99% (Fig 10 from Ref. 2).
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Figure 3 - Graph showing the measured temperature difference as a function
of kx for drive ratio from 0.17% to 1.99% (Fig 11 from Ref. 2)
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Figuze 4 - Graph showing the dependence of of the three ratios on drive ratio
~ (in %) (Fig 12 from Ref. 2)

Atchley et al [Ref. 2] cited two plausible explanations for the behavior
de;scx'ibed above. One argument is that the acoustic particle displacément is a
' sizeable fraction of the TAC ielx\gﬂ\, at the highest drive ratios. A drive ratio of
| 2% results in a péak particle displacement of approximately 3 mm. At these

extreme drive ratios, the gas parcels havirig equilibrium positions within 1.5

mm or so of the edge of the plate do not fully participate in the heat transport
process Another effect that could account for the observed discrepancy
between measurement and theory is boundary layer turbulence. However,

based on calculation of Reynolds numbers, it seems unlxkely that true

boundary layer turbulence existed in thexr system. However, Reynolds -

numbers based on larger characterxstxc lengths such as the size of the TAC
itself or the probe tube standoff, are much larger and may in fact cause

turbulent flow.




How these situations might affect the value of the temperature difference
measured between the edges of the TAC is not obvious. Howeter, the
{emperature difference was measured with thermopiles having junctions
that were located along the leading and trailing edge of the TAC plates.
Because of its proximity to the edge, the thermopile may be sensitive to effects
which, though perhaps causing local deviations in the temperature profile,
do not affect the temperature profile in ixxterior regions of the plate. In other
words, Although considerable deviations are observed beiween theory and
measurements made at the plate edges, the interior (and majority) of the plate
méy behave in accordance }vith predictions. Therefore, useful information
might be gained by locating the junctiors of the thermopile well away from
the edges of the TAC, in order to avoid edge effects. The results of such

measurements are reported in this thesis.




II. EXPERIMENT APPARATUS AND PROCEDURE

<;I'he discussion of the apparatus will be divided in to the following
sections: the TACs; the TAC probe; the resonator tube and the acoustic driver
housing; the TAC positioning system; and the electronic equipment. A
complete description of the experimental apparatus is given in Ref 2.

A. THERMOACOUSTIC COUPLES (TAC)

Three TACs were used in these measurements. They will be refereed to as
TAC#1, TAC#2 and TAC#3, respectively. The general construction of the
TAGCs is illustrated in Figure 5, 6 and 7. The design of the first two TACs and
~ the materials used in their construction were dictated by the desire to make
 the TACs similar to those used by Atchley et al. [Ref. 2] TAC#3 is much longer
than the others. The specifications of the TACs are given in Tables 1, 2 and 3.
From Figure 5, each TAC is a five-plate stack, consisting of a central plate
surrounded by four guard plates. The purpose of the guond pistes are both to
provide a well-defined path for lorigitudin#l thermal conduction through the
gas, described by the kgdg term in Eq. (1), and to reducé the effect of transverse
thermal conduction from plate to plate. | -
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TABLE 1: SPECIFICATIONS OF TAC#1

Upperand ¢ G-10 fiberglass ,
lower layer * Size: 1495 em long, 2531 cm wide, 0.131mm thick
* Thermal conductivity: 0.48 W/mK
Middle ¢ AISI-302 stainless steel
layer sSize: 1495 cm long, 2,531 cm wide, 6.105 mm thick

o Thermal conductivity: 11.8 W/mK

Thermopile junction pairs number: 5
Thermocouple wire diameter: 0.0284 mm

Number of plate: 5

Spacing in between any two adjacent plate: 153 mm

Length of thermocouple: ,
outer thermopile: 1.373 cm
| innerthermopile: 0682 m
TABLE2: SPECIFICATIONS CF TAC#2
Upper and ¢ G-10 fiberglass
lower Jayer ¢ Size: 1.486 cm long, 2531 cm wide 0.131 mm thick
¢ Thermal conductivity: 048 W/mK
Middle ¢ AISI-302 stainless steel
layer *Size: 1.478 cm long, 2531 cm wide, 0.105 mm thick ,
__sThermal conductivity: 11.8 W/mK

Thermopile junction pairs number: 5
Thermocouple wire diameter: 0.0254 mm

Number of plate: 5

Spacing in between any two adiacem plate:153mm

L___Lengthof thermocoup e:1473cm

13




TABLE 3: SPECIFICATIONS OF TAC#3

Stainless steel ¢ AISI-302 stainless steel
plate *Size: 4493 cm long, 2.506 cm wide, 0.105 mm thick
eThermal conductivity: 11.8 W/mK -

Thermopile junction pairs number: 1
Thermocouple wire diameter: 0.0254 mm

Number of plate: 5

Spacing in between any two adjacent plate: 1 .53 mm

Length of thermocoupie:
¢ outer thezmopile: 4.365 cm
¢ middle thermopile: 2.9 em
- ¢ inrer thermopile: 151 cm

The plates comprising TAC#1 and #2 are a lamination of three plates
(one 302 stainless steel and two G-10 fiberglass) epoxied together. The plates
are separated by approximately 1.53 mm. The ceﬁtral plate of each stack is
instrumented with either one or two thermopiles, consisting of five

thermocouple junctions connected in series. The thermopiles are. epoxied

between these three plates. The fiberglass lamination ensures that the plate

surface is smooth The purpose of the thermopile is to provxde ‘measured

sensitivity over a single thermocouple for measuring the temperature

dxfference developed across the TAC The temperature dxfference is .

detenmned by measuring the voltage output of the thermopxle and dxvxdmg |

by the the number of )uncﬁon pairs and sensxtmty {in V/°C) of the particular
type of thermocouple. Type E chromel-constantan thermocouples are used in

these measurements.

14




- B. ToTPROBE

The probe is illustrated in Figure 8. The TAC is mounted on the end of a
hollow 1/8—in.—§.d. stainless steel tube, called the TAC probe The wires pass
through the holiow tube and exit into the rail sectién of the p;'obé. A
pressure-tight feed through connector is connected to the probe tube, which
allows for external electrical connections without loss of pressure in the
resonator tube and driver housing. The TAC probe passes through a pressure

tight O-ring connector located‘ in the closed end of the resonator tube.

C. RESONATOR TUBE AND ACOUS TIC DRIVER HOUSING

The resonator tube and acoustic driver housing are sketched on Figure 9.
The standing wave is generated with a JBL model 2445] compression driver
located within a pressure housing. The driving housing is bolted via a brass
flange to the end of a 1.22-m-long 3.8-cm-i.d. copper tube, called resonator
 tube. The other end is also flanged. A brass plate is bolted to thxs ﬂange and
forms the closed end of the resonator. This brass plate contains the connector
through which the TAC probe passes. It also houses an Endevco model 8510B-
5 high-intensity pressure transducer, which is used to rﬁohitor the acoustic
‘pressure at the closed end. The entire lengfh of the r@nafo; is surrounded by
a 7.6-§m-i.d. brass tube. Water is circulated, ’with 5 Neslab model RTE-110
circulation téxﬁperature control bath, through the region between the two
tubes in order to maintain a uniform temperature along the resonator tube.
The water is also circulated around the driver housing through flexible plashc
tubmg A layer of cloth insulation is wrapped around the outside of the

tubing. A tee connectxon‘ for evacuating and filling the resonator/driver

15
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Figure 8 - TAC mounting bracket and TAC probe
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housirg is provided via an 1/8-in.-diam copper tube. One end of the tee is
connected to a longer fill tube leading o the gas /vacuum system. Another
end of the tee is soldered to the resonator near the driver housing end of the
resonétor. The final end of the tee goes to the driver housing. Having the
resonator and driver housing connected through the tubing prevents a
substantial pressure difference from being established across the driver
diaphragm during the evacuation/ pressurizatidn sequence. The driver house
is fitted with a pressure relief valve that prevents pressurization of the system
beyond safe limits. ‘ |

An example of the waveform measured at the rigid end of the resonator,
along with its spectrum, are shown in Fig. 10 and 11. The drive ratio is 2.32%.
The fundamental resonance frequency is 700 Hz. It can be czen that the second

harmonic is approximately 27 db below the fundamental.

D. TACPOSITIONING SYSTEM -

The TAC is positioned within the resonator with a Compumotor model
M83-135 computer-controlled stepper motor and inde>‘<er as depicted in Figure
12. The pbsitioning system allows a maximum travel of approximately 76 cm.
It is desired to be able to cover one complete temperature difference cycle with
the niéasurements. By opevating the resonator in the third mode~ this 76 cm

travel is sufficient to cover one thermoacoustic cycle.

" E ELECTRONIC EQUIPMENT | |
 The diagram of the electronic instrument is shown in Figure 10. The
experimeﬁt was controlled with a Standard 286 IBM AT compa\ﬁblé computer.
The HP 3314 function generator, HP 3457 mulﬁmeter, and the stepper motor

18
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indexer were controlled with a GPIB interface. The control program was

written in Microsoft QuickBASIC. The program set the amplitude and
frequency of the function generator, instructed the indexer when to move the
‘TAC, and recorded all ‘of the data from the HP 3457 multimeter. An
TEKTRONIX 2445A oscilloscope was used to monitor the acoustic signal via a
Endevco transducer mounted on the right end of thé tube. An HP 3561
dynamic signal analyzei' was used to d‘gtermine the proper operating
ﬁeque;\cy. An HP plotter and printer were also connected to the GPIB
interface to print the data. Two different amplifiers were used in this
experiment. A TEKTRONIX 2445A differential amplifier was used to amplify
for the output from the wall mounted transducer. An OSC audio MODEL
1700 amplifier was used to drive the JBL compression speaker.

F. EXPERIMENTAL PROCEDURE |

Prior to data acquisition, the followiné procedures are conducted. The
water circulator is started' and then allowed to come to the set point
temperature, which is monitored at the middle of the resonator tube. The gas
used in this experiment is helium. To minimize contamination of the
© resonator with air, the 'r‘esonator émd driver housing are evacuated to less
than 1% of atmospheric pressure and then filled with helium. This proceqlufé
is repeated twice and then filled with helium to fwo atmospheres pressure.
Next, the fu'nction generator was Adjusfed to a frequency near resonance.
Then the power amplifier inpuf is connected to the function generator dutput
" and the amplifier gain set to the proper level to drive the IBi. ¢compression
speaker.




Data acquisition is accomplished as follow. First, the computer records the

‘mean gas pressure, the voltage difference across the TAC, and the
temperature reference. The measured voltage is converted to a temperature
difference using a low-order polynomiai, fit over a limited temperature range
to data obtained from an NBS Thermocouple Table. Second, is the TAC
position relative to the rigid end. The TAC is then moved in 0.7-cm
increments. After the TAC position is incremented, a 45-s wait period is
initiated before the next aata acquisition. The duration of the wait time was

required for the temperamre difference across the TAC to come to steady state.




III. RESULTS AND DISCUSSION

" In this chapter the result of two phases of experinrer\t will be present and
discussed. The first phaee is devoted to invesﬁgaﬁng "edge effects”. The next
phase involved measuring the temperature difference developed across a
long stack of plates. The purpose was to investigate the extent to which
irregularities in the temperature difference extend into the plate interior.

A. EDGEEFFECT

We constructed a TAC (TAC#I) thh two thermopiles, whose junctions
do not lie along the edge, and repeated some of the measurements made
prevrously by Atchley et al [Ref. 2). The results are shown in Figs. 13 and 14,
TAC #1is 1 495 cm long. The two thermop.les are 1.373 an and 0.682 cm long
and centered on the TAC. Therefore, the thermecouple junction lie
approximately 0.661 an and 0.407 cm from the edge, respectively. I;’igure 13
shows the data from the longer thermopile, Fig. 14 from the shorter. The TAC
is in helium at a mean gas pressure and temperature of 200 + 1 kPa and 295.9
 0.1° K. The frequency range for the data is 662.8£4.5 Hz. The drive ratio
range is 0.20% - 2.70%. The dashed curve in both figures corresponds to a
drive ratio 0.97%. (Recall that the dashed curve in Fig. 3 corresponds to a -
drive ratio of 1.03%.) Comparing these resu}ts with. those shown in Fig. 3,
they are strikingly similar. (No direct"comparison is possible since the
experimental condition. are different.) Moreever, the. transition to an
irregular behavior starts at a 1% drive ratio, as it did with the edge-to-edge
‘design. These data show that the temperature profile of the interior of the |
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T/.C behaves the same as that measured at the edge. Therefore, the

irregularities previously observed are not an artifact of placing the thermopile
along the edge. The irregularities may still be the result of the edge (e.g.,
turbulence generated at the edge), but they are not isoiated to the edge. They
extend at least half way to the center of the TAC.

One point should be clarified. In Figure 13, all of the curves should pass
through zero bcth at velocity antinode and pressure antinode. In the graph at
kx at;out 3.1 (the pressure antinode) some AT curves did not pass the zero.
This behavior is the result of a temporary malfunction in the power supply of
the stepper motor during the data acquisition. The indexer did not proceed
properiy.

As with Atchley et al, we examined four ratios derived from the
measured and theoretical value of A’f, ti. ' results are presented in Figure 17
and 18. They are o o |

Ratio 1: the experimental slope of the AT curve in the vicinity of the
velocity antinode to the theoretical slope in the vicinity of the velocity
antinode. (The + maricer on graph). |

Ratio 2: the maximum measured négative temperature difference to tﬁe
ﬁxaximum theoretical neéative teinperature.di‘ffexy-encle. (The open squares
marker). | a |

Ratio 3: the experimental sfope of the AT curve in the vicinity of the
pressixré antinode to the theoretical slope in the viéinity of the pressure
antinode. (The o marker): ‘ | |

Ratio 4: the maximum measured positive temperature differencé to the

maximum experimental positive temperature difference. (The * marker).




They overall dependence on drive ratio is the same for the two

- thermopiles, although the ratio in Fig. 18 about 0.1 lower than those in Fig.

17. Also, three regions of behavior are evident as in Fig. 4. However the drive

ratios at the transitions between these regions are higher than those in Fig. 4.

Furthermore the transition between the second and third regions is not as

distinct.
B. MEASUREMENTS WITH A LONG STACK

The results of the previous section indicate that the irreéularities:in the
series extend into the interior of the TAC, to investigate the extend of this
penetratiort we made measuremenfs with-a long stgck of plates. This stack is
called TAC #3, although strictly speaking, too long to be consideréd a TAC.
TAC #3 is 4.5 cm long and is instrumented with three single junction pair -

'thermopilés. The junctions of the outer thermopile are located at the edge of

the plate. The middle thermopile is 3.5 cm iong and centered on the plate.
The inner thermopile is 1.5 am long, also centered on the plate. Measurement
of the temperature difference were made with the three thermopile at four
drive ratios (C.4, 1.0. i.? and 2.3%) and two frequencies (700 and 1100Hz). The

results are shown in Figs 19 through 30. The main conclusions to be drawn

. are: 1) that the xrregulantxes in the data series extend to the locations of all

three thermopxles, and 2) the data series are essenually identical in

appearance to those obtained from short stacks, :
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Figure 21 - The temperature

| Figuré 22 - The temperatur
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" IV.  SUMMARY AND CONCLUSION

The purpose of this thesis was to investigate whether or not discrepancies
and irregularities obsefved_ in previous thermoacoustic couple measurements
were artifact of placing tﬁe thermopile junctions along the edges of the TAC
plates. Measurements were with two stacks, one short and one ldng, in 2 bar
gas for drive ratios .ranging up to approximately 2.7%..

The main conclusion is thaf the behavior observed previously is not
isolated to the edge of the plates. It extends at least 1.5 cm into the interior of

the plat'e‘ The cause of the behavior remains unknown.
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